Improving the Efficiency of

Photosynthesis

The opportunity exists to increase crop productivity

by regulating wasteful respiratory processes.

“It is the business of agriculture to
collect and store solar energy as food
energy in plant and animal products.”
This definition of agriculture comes
from a recent report on agricultural
production efficiency (1), and it seems
most appropriate when one considers
that 90 to 95 percent of the dry weight
of plants is derived from photosyn-
thetically fixed CO,. Photosynthesis
converts electromagnetic energy pres-
ent in the visible portion of sunlight
into the chemical energy needed by
green leaves to reduce CO, and syn-
thesize our food materials. The prac-
tice of agriculture also requires expendi-
tures of cultural energy in the form of
labor, fuel, tractors, fertilizers, and
pesticides. The amount of cultural en-
ergy expended by modern agriculture
to obtain food calories varies greatly
from crop to crop (2). Some forms
of cultural energy are already or may
soon become in short supply, but sun-
light and CO,, the most important in-
gredients in the energy conversion in
agriculture, are freely available in vast
and statistically predictable quantities.
They are delivered to field plants with-
out transportation costs of any kind,
and we need have no fear of running
short of either of them.

Basic research in photosynthesis,
especially during the last decade, has
revealed a number of possible ap-
proaches toward increasing the effi-
ciency of CO, assimilation by crops.
Efficiency is defined here as the rate of
net CO, uptake per unit of leaf area
or per unit of ground area uncorrected
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for respiratory losses. Large increases
in yields should be obtainable by ex-
ploiting this knowledge; it should be
possible to diminish wasteful respira-
tory losses without our having to in-
crease the inputs of cultural energy
(3). These desirable characteristics can
probably be incorporated into plants
most easily by utilizing the recent tech-
niques of somatic cell genetics in which
tissue cultures are used (4), as dis-
cussed later herein and by Carlson and
Polacco (4a).

Effect of Photochemical Efficiency
and Irradiance on Photosynthesis

Photosynthesis takes place in the
chloroplasts, and the overall process
can be described by the equation:

CO; + 2H,0 + light - (CH:0) + H.O0 4

O: + 112 kcal/g-atom (of C)
The photochemical energy is used in
the first stage to remove electrons from
water and produce O, and a weak re-
ductant. A second photoact is involved
in the further transport of electrons to
nicotinamide adenine dinucleotide phos-
phate (NADP); the reducing power,
ultimately in the form of NADPH, to-
gether with adenosine triphosphate
(ATP) produced by photophosphoryla-
tion during electron transport, is used
to reduce CO, to the level of carbo-
hydrate (CH,0).

Experiments on the effect of irradi-
ance on CO, assimilation in leaves of
many species show that at low intensi-
ties (less than 3 percent of full sun-
light) photosynthesis is linear with ir-
radiance (3); thus the photochemistry
limits the photosynthetic rate at low

irradiance. The efficiency of light en-
ergy conversion, expressed as the
amount of CO, absorbed per quantum
of energy absorbed, or as calories of
carbohydrate produced per calorie of
incident visible irradiation, is about 12
percent at these low irradiances. Net
CO, assimilation is very slow here, and
it increases greatly as the light in-
tensity is increased until saturation is
reached at 25 percent of full sunlight
(except in the most efficient photo-
synthetic species, such as maize, where
saturation is not attained). The effi-
ciency of light energy conversion, how-
ever, decreases with increasing irradi-
ance. Thus the maximal daily efficiency
of light energy conversion in a field of
maize approached only 3 percent, if
one neglects respiratory losses (5).
Photochemical efficiency is therefore
not directly related to net CO, assimi-
lation rates; on the contrary, the rate
of CO, assimilation increases greatly
with increasing irradiation and dimin-
ishing photochemical efficiency. Since
there is already a wide difference in the
efficiency of CO, uptake between spe-
cies with presumably similar photo-
chemical efficiencies, as discussed be-
low, I conclude that there is ample
opportunity for achieving large in-
creases in CO, fixation without affect-
ing the photochemical efficiency.

Rates of photosynthetic electron
transport may control photosynthesis
under some conditions. In experiments
with isolated chloroplasts a faster CO,
fixation was obtained by increasing
photosynthetic electron transport with
inhibitors of photophosphorylation (6),
but it is still uncertain whether elec-
tron transport is limiting in leaves. Fur-
ther evidence that neither the enzy-
matic rates of carboxylation nor the
photochemistry limit photosynthesis at
high light intensities in leaves is de-
rived from an evaluation of the magni-
tude of the various diffusive resistances
during transport of CO, from the
atmosphere to the chloroplast (3).

Nevertheless, the total irradiation
available for photosynthesis and the
duration of photosynthesis are un-
doubtedly important factors determin-
ing final plant productivity. Hence
productivity can be increased by plant-
ing varieties that have rapid rates of
leaf areca expansion, by the use of
closer plant spacings to capture more
sunlight, and by breeding for plants
whose leaves have more erect angles
of elevation to absorb sunlight more
effectively.
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The Harvest Index

The harvest index is the percentage
of the aerial dry weight of a plant that
provides useful food material such as
grain or seed. The index is therefore
a measure of how the products of
photosynthesis are partitioned. Its value
can vary from as little as 23 percent
to as much as 67 percent (Table 1).
Primitive agriculturalists probably in-
advertently selected for a greater har-
vest index when they selected larger
seed for planting, and in this century
in the United States the change from
open-pollinated to hybrid varieties of
maize also resulted in an increase in
the harvest index from 24 to 43 per-
cent (7). Even in recent times the har-
vest index of different crop varieties is
found to differ greatly (Table 1). In
wheat it ranged from 23 to 46 percent,
while the most efficient partitioning of
photosynthate into food is in varieties
of dry bean, where the range is 53 to
67 percent. Improving the harvest in-
dex will continue to be a worthwhile
goal of plant breeders and physiolo-
gists, especially as the net photosyn-
thetic CO, assimilation is improved.

The Relation between Net
Photosynthesis and Productivity

Leaves of efficient crop species such
as maize, sugarcane, and sorghum have
rapid rates of net CO, assimilation at
high irradiance in normal air at 25° to
35°C (42 to 85 milligrams of CO, per
square decimeter of leaf area per hour)
(3). These species also produce malate
or aspartate (4-carbon compounds) as
the first detectable product when 4CO,
is supplied (8), hence they have be-
come known as the C, species. Leaves
of most other crop species, with few
exceptions, assimilate CO, at rates
about one half or less of the C, species.
The first product from 14CO, found in
the less efficient species is 3-phospho-
glyceric acid which is synthesized by
the operation of the Calvin cycle path-
way (9). These species are often called
Cy species.

The maximal rate of photosynthesis
(CO, uptake at saturating CO, con-
centration and high irradiance) is only
slightly faster in maize than in tobacco
leaves (3), indicating that a greatly
different photosynthetic capacity is not
responsible for the large differences in
net photosynthesis in normal air usu-
ally observed between C; and C, plants.
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Fig. 1. Average yields per acre of maize
grain and soybeans in the United States
since 1950 [from (I)]. A standard bushel
of maize grain weighs 56 pounds, and a
standard bushel of soybeans weighs 60
pounds. (One pound of maize grain per
acre is almost equivalent to 1 kilogram
of grain per hectare.)

Some aspects of the comparative bio-
chemistry of the C; and C, species as
they relate to net CO, uptake, glycolic
acid synthesis, and especially photo-
respiration are discussed later in this
article.

Since CO, fixation provides so much
of the dry weight of plants, it is not
surprising that rates of net CO, fixa-
tion by leaves are well correlated with
plant productivity. Estimates of the
average crop growth rate (dry weight
produced per square meter of land per
week) in the United States for maize
silage, sorghum silage, and sugarcane
show that these species have two to
three times the crop growth rate of

Table 1. The harvest index of some crop
species. The harvest index is the percentage of
total aerial dry weight at maturity that repre-
sents economic yield (grain or seed).

Harvest index (%)

Crop Range,
different

varieties

Ref-

Avg.
& ersnce

Efficient photosynthetic species (C,)
Maize, open

pollinated,

1920-1926 24 7)
Maize, hybrids,

1958-1959 43 7)
Maize, hybrids 42 38 to 47 (33)
Sorghum 41 40to 41 (54)

Other grain species (C;)
Rice 51 43t0 57 55)
Barley 48 35t0 352 (56)
Oat 41 (56)
Wheat 31 23 to 37 (57)
Wheat 39 28 to 46 (56)
Rye 27 27t029 (56)
Leguminous species (Cj)
Dry bean 59 53to 67 (58)
Soybean 32 29 to 36 59)

photosynthetically less efficient species
such as spinach, tobacco, and hay (3).
Similarly, the literature shows maximal
growth rates (grams of dry weight pro-
duced per square meter of land per
day) are about 50 for maize, sugar-
cane, sorghum, and millet; various
other crops with slower rates of net
photosynthesis such as rice, sugar beet,
and alfalfa have values from 17 to 36
3).

The average yields of maize grain
and soybeans (a C, and a Cj; species,
respectively) over a period of more
than 20 years in the United States are
compared in Fig. 1. These are two eco-
nomically important crops, yet net
photosynthesis in maize is at least twice
as fast as in soybean leaves at high
irradiance. Average maize yields have
more than tripled in 20 years since
1950 while soybean yields have in-
creased only about 20 percent. The
maize grain yields are now three times
greater than soybeans because maize
varieties that could utilize nitrogen
fertilization were bred; presumably
such varieties would maintain high
photosynthetic rates during the grain-
filling period. Soybeans, on the other
hand, do not respond positively to
nitrogen fertilization (they fix nitrogen
from the air). Even the best technology
applied to soybean cultivation does not
result in greater yields because the low
rate of net photosynthesis in these
plants has undoubtedly provided a
biological barrier. This barrier in soy-
bean and many other crops is largely
explained by the process of photo-
respiration.

The Characteristics of Photorespiration

Considerable experimental evidence
indicates that a large part of the dif-
ferences in net photosynthesis between
the efficient and less efficient species
results from the release of photorespi-
ratory CO, which occurs rapidly (three
to five times faster than “dark” respira-
tion) only in the less efficient species.
The losses of carbon by photorespira-
tion are derived from recently fixed
photosynthetic compounds, and the pro-
cess therefore seems wasteful. Hence,
the slowing of photorespiration by bio-
chemical or genetic means would be
expected to bring about large increases
in net photosynthesis and yield.

“Photorespiration” refers to the respi-
ration (usually the CO, evolution) in
photosynthetic tissues that is specifically
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associated with substrates produced
during photosynthesis. Photorespira-
tion was first used in its current mean-
ing by Decker and Tié in 1959 (10)
to account for their observation that
leaves of many species exhibited a post-
illumination outburst of CO,, which
they correctly attributed to the over-
shoot of a faster form of respiration
that occurred only in the light. At
about that time, biochemical evidence
was also accumulating that glycolic
acid, an early product of photosyn-
thesis (11), was rapidly oxidized by a
leaf enzyme, glycolate oxidase, and that
the rate of glycolic acid synthesis could
sustain a rapid respiration in illumi-
nated leaves (12). It is now well estab-
lished that glycolic acid is the primary
substrate of photorespiration, and that
the characteristics of photorespiration
coincide rather precisely with those for
the synthesis of glycolic acid and its
further oxidation to CO,.
Photorespiration and glycolic acid
metabolism have a number of charac-
teristics in common: (i) an enhanced
rate of photorespiration and increased
synthesis and oxidation of glycolic acid
with increasing O, concentrations in
the atmosphere; (ii) a similar depen-
dence on light intensity and a require-
ment for actively photosynthesizing tis-
sues; (iii) a relative independence on
CQO, concentration between zero and
300 parts per million (ppm) and inhibi-

tion when the CO, concentration is in-
creased above about 2000 ppm; and
(iv) a strong temperature dependence.
More direct evidence of the involve-
ment of glycolic acid comes from mea-
surement of #CO, output from “C-
labeled glycolate, and the use of in-
hibitors of glycolate synthesis and oxi-
dation, and from kinetic experiments
with 14CO,.

The Measurement and Magnitude of
Photorespiration

All assays of photorespiration under-
estimate its magnitude because the mea-
surements have to be made in the am-
bient atmosphere surrounding the il-
luminated leaf, and the main flux of
CO, during assays is into the leaf. The
main methods of detecting and assay-
ing photorespiration, and their limita-
tions, have been discussed elsewhere
(3, 13). Such assays include the fol-
lowing measurements: the uptake of
18Q,; the extent of the inhibition of
net CO, uptake upon raising the O,
concentration in the atmosphere; the
postillumination CO, outburst; extrapo-
lation of the curve of CO, concentra-
tion against net photosynthesis to
“zero” CO,; dilution of the 14CO, spe-
cific radioactivity in the ambient atmo-
sphere in a closed system; discrimina-
tion against 13CO; as opposed to 12CO,

Table 2. Minimal rate of photorespiration in soybean, sunflower, sugar beet, tobacco, and
maize (I3). The values are minimal and are underestimates because photorespiration is
assayed under conditions of high light intensity where the main flux of the gas (CO, or Q)

is in the opposite direction.

Net photo- Photo-
Temper- synthesis in respiration Ref.
Method of assay ature normal air (% of net Cl-
(°C) (mg CO./ photo- erence
dm?/hour) synthesis)
Soybean
CO, release, CO,free air* 26 35 46 (60)
Postillumination CO, burst 25 11 75 (61)
CO, release, CO,-free air 30 18 42 (62)
Sunflower
Short-time uptake, “CO,
minus 2CO, 25 25 60 (63)
1CO, release, CO.free air 25 28 27 (64)
Sugar beet
CO, release, COy-free air 25 47 (65)
CO, release, CO.-free air 25 26 40 (62)
Tobacco
CO, release, COyfree air 25 11 55 (66)
Extrapolation of net photo-
synthesis to ‘“zero” CO, 25 14 25 (67)
Postillumination CO, burst 26 17 45 (68)
Postillumination CO, burst 34 15 66 (68)
Maize
CO, release; air passed
through leaf 30 (69)
CO; release, COfree air 35 50 (62)
180, uptake 31 12 6 (70)

* Results are the mean values of 20 varieties recalculated by the authors considering the effects

of internal diffusive resistances.
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during photosynthesis; the rate of CO,
released in CO,-free air (with or with-
out 4C-labeled tissues); the CO, com-
pensation point; and the short time of
uptake (approximately 15 seconds) of
14CO, minus 12CO, when both are sup-
plied together.

Various assays show that photo-
respiration in the less efficient photo-
synthetic species occurs at rates at least
50 percent of net CO, uptake (Table
2), while it is barely detectable in the
efficient species such as maize. Block-
ing photorespiration with biochemical
inhibitors of glycolic acid synthesis
(14) or oxidation (15) also increases
net photosynthesis by 50 percent or
more in species with rapid photorespi-
ration but not in maize. Thus the mag-
nitude of photorespiration in Cg species
must be greater than 10 mg of CO,
per square decimeter per hour; 76
micromoles of CO, per milligram of
chlorophyll per hour; or 114 mg of
CQ, per gram of fresh weight per hour.

Any proposed biochemical mechanism
of photorespiration in a C4 species must
at least be able to account for such
high rates of CO, production by photo-
respiration. Several investigators (16,

- 17) have expressed the view that the

COQ, is released in photorespiration by
a biochemical mechanism in which the
synthesis of glycolic acid occurs ex-
clusively by the ribulose diphosphate
oxygenase reaction. Such a hypothesis
permits the magnitude of photorespired
CO, released by the conventional gly-
colate pathway to be no greater than
14 to 20 percent of the net CO, fixed
(16, 17). Table 2, however, illustrates
that by a number of different assays,
in different species, and in many labora-
tories at least 50 percent of the CO,
assimilated is released and measured
during photorespiration, and this is in-
consistent with the biochemical scheme
presented (16). Glycolic acid is synthe-
sized sufficiently rapidly in C; species,
70 to 80 umole per gram of fresh
weight per hour (I8), to account for
the results in Table 2.

The Synthesis of Glycolic Acid

The rate of glycolic acid synthesis,
which occurs largely in leaf chloro-
plasts, is probably the most important
factor controlling photorespiration, but
not all of the biochemical reactions re-
sponsible for the synthesis of the gly-
colic acid in any given photosynthetic
tissue have been worked out. A num-
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ber of reactions are known that pro-
duce glycolic acid (Fig. 2), and at
least several of these may occur simul-
taneously.

The important observation was re-
cently made (19, 20) that ribulose-
1,5-diphosphate carboxylase, the en-
zyme primarily responsible for CO,
uptake during photosynthesis, also cata-
lyzes the reaction between the substrate
and O, to produce phosphoglycolic and
phosphoglyceric acids (Fig. 2, reaction
a). The properties of the oxygenase
reaction have much in common with
the well-known inhibition of photo-
synthetic CO, uptake by O, (the War-
burg effect) (16, 17). Leaves contain
an active phosphoglycolate phosphatase
in their chloroplasts (21) that could
rapidly produce glycolic acid. Such ob-
servations have led some investigators
to conclude prematurely that the oxy-
genase reaction can account entirely
for the synthesis of glycolic acid and
photorespiration.

There are some difficulties in accept-
ing the ribulose-1,5-diphosphate oxy-
genase reaction as the major pathway
of glycolic acid synthesis in photosyn-
thetic tissue. First, the rates of syn-
thesis by this reaction with isolated
systems are generally far too slow to
accommodate the minimal photorespi-
ratory rates shown in Table 2. Second,
in intact leaves in light there was a
rapid incorporation of 180, into the
carboxyl groups of glycine and serine
(products of glycolic acid metabolism)
as expected (22). But even in an atmo-
sphere of 100 percent O,, which would
greatly favor the oxygenase, the spe-
cific activity of incorporated 180, was
no greater than one third of that sup-
plied, indicating that approximately one
third of the glycolate was produced by
the oxygenase reaction in 100 percent
O, and two thirds by some other re-
action. Finally, the product of the OXy-
genase reaction, phosphoglycolic acid,
has not yet been shown to function as
an important intermediate in vivo in
kinetic experiments with 1#CO, in either
intact tissues or with isolated chloro-
plasts. From Kkinetic experiments in
which 14CO, was used with Chlorella in
100 percent O,, it was concluded that
about one third to one half of the
glycolic acid produced could have
arisen from phosphoglycolic acid (23).
Presumably, an even smaller proportion
of the glycolic acid would have come
from phosphoglycolic acid in normal
air than in 100 percent O,.

Glycolic acid was synthesized in a
reconstructed chloroplast system in the
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light in the presence of a transketolase
substrate, such as ribulose 5-phosphate
or fructose 6-phosphate, together with
transketolase, NADP, and ferredoxin
(24) (Fig. 2, reaction b). An oxidant,
presumably hydrogen peroxide, from
the oxidation of reduced ferredoxin or
NADPH was generated during illumi-
nation and produced glycolic acid from
“active glycolaldehyde” at maximal
rates about 10 percent of that needed
for photorespiration. Additional sup-
port for the direct functioning of inter-
mediates of the Calvin cycle in glycolic
acid biosynthesis comes from the dem-
onstration that two carbon fragments
from added ribose S-phosphate and
fructose 1,6-diphosphate are directly
incorporated into glycolic acid in iso-
lated spinach chloroplasts (25).

Active glyoxylate reductase enzymes
are known to occur in leaves (3) (Fig.
2, reaction c), and glyoxylate may be
available for glycolate formation from
several pathways including the iso-
citrate lyase reaction (26). The com-
pound [2-14Clglyoxylate is easily con-
verted to [2-14C]glycolate by leaves,
and organic acids such as [3-14Clpyru-
vate are incorporated into [2-1¢4Clgly-
colate in leaf tissues (I18). Such obser-
vations can be explained by the func-
tioning of the glyoxylate reductase re-
action.

A direct but still undefined carboxy-
lation reaction may also produce gly-
colic acid (Fig. 2, reaction d). When
14CO, and an inhibitor of glycolic acid
oxidation were supplied together to il-
luminated leaves, the accumulated gly-
colic acid carbon atoms had a specific
radioactivity that was about 50 percent
of that of the 14CO, supplied and was
greater than that in the carboxyl-
carbon atom of phosphoglyceric acid
(27), the first product of photosynthesis.
This shows that glycolic acid is synthe-
sized rather directly from fixed CO,.
More recently, in studies with 14CO,
fixation in illuminated chloroplasts in
the absence of any inhibitors, Robin-
son and Gibbs (25) found that the spe-
cific radioactivity of the carbon atoms
of [1%C]glycolate was between 53 and
71 percent of the 1#CO, supplied. These
experiments also indicate that a rather
direct synthesis of glycolic acid from
CO, is possible.

Multiple pathways, including the re-
actions above, probably occur in the
same tissue. For example, organic acids
such as [2-14C]lacetate and [3-14C]pyru-
vate were incorporated into [2-14C]gly-
colate with a higher specific radioactivi-
ty in maize than tobacco leaves, while
14CO, incorporation into glycolate was
much better in tobacco than in maize
(18). The addition of phosphoenolpyru-

Biosynthesis of glycolic acid

CH,0P CH,OP Phosphatase CH,OH
(|ZO COOH COOH
) 2-Phosphoglycolic acid Glycolic acid
a) CHOH 020——-> +
RuDP Carboxylase
{HOH (RUDP Oxygenase) COOH
CH,OP CHOH
Ribulose-1,5-diphosphate CH,0P
3-Phosphoglyceric acid
H H l,
OO0 N-C—-
nedyd & (0] CH,OH
X — ——
CH,OH g ¢oon
Glycolic acid
C|O “"Active glycolaldehyde’
b) CHOH  ——— .
(I:HOH Transketolase CHO
1
CH,OP CHOH

Ribulose-5-phosphate CH,OP

Glyceraldehyde-3-phosphate

c) CHO-COOH + NADH (NADPH) 21YOxylate
reductase

Glyoxylic acid

Li
d) 2co, —'5—"‘-» CH,OH-COOH

Glycolic acid

CH,0OH-COOH + NAD (NADP)
Glycolic acid

Fig. 2. Multiple biochemical pathways for the synthesis of glycolic acid. The “active
glycolaldehyde” shown in reaction b is 2-(a,s-dihydroxyethyl thiamine pyrophosphate).
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vate stimulated glycolate synthesis in
maize but not in tobacco. Eickenbusch
and Beck (28) demonstrated the exist-
ence of at least two kinds of reactions
concerned with glycolic acid synthesis
in isolated spinach chloroplasts. The
rate of one pathway was unchanged by
O, concentrations up to that in normal
air, while the rate of the second path-
way increased linearly when the O, con-
centration was raised above that in the
air. Based on changes in the specific
radioactivity of various intermediates in
maize and sunflower leaves, Mahon et
al. (29) also concluded that there are
sources of carbon for glycolate syn-
thesis besides the intermediates of the
Calvin cycle.

Glycolic Acid Synthesis and

Photorespiration within a Species

When illuminated leaf tissue of a
species with rapid photorespiration is
placed in a solution of a-hydroxysulfo-
nate, glycolic acid oxidation is blocked
and the glycolic acid accumulates at an
initial rate (I8) sufficient to account for
the minimal rates of photorespiration
shown in Table 2. Under the same con-
ditions, however, maize leaf tissue syn-
thesizes glycolic acid at about one tenth
the rate in Cy species (14, 18).

A possible explanation for the slow
synthesis in C, species is offered in the
next section, but it appears that much
of the difference in net photosynthesis
between C; and C,4 species can be ex-
plained by the slow rate of glycolic
acid synthesis, and hence slower photo-
respiration, in the efficient photosyn-
thetic species. Placing plants with rapid
photorespiration in atmospheres con-
taining less than 2 percent O, or in ele-
vated concentrations of CO, (at least
0.2 percent) decreases glycolic acid
synthesis, decreases photorespiration,
and increases the dry weight yield to a
level similar to maize (3). It therefore
would seem most urgent to learn how
to diminish the rate of glycolate pro-
duction by biochemical or genetic means
in normal environments in tissues with
rapid rates of photorespiration and thus
mimic what occurs normally in maize.

Any environmental condition or bio-
chemical inhibitor that interferes with
photosynthesis will of course also inhibit
glycolic acid synthesis. A specific bio-
chemical inhibitor of glycolic acid syn-
thesis should also be expected to in-
crease net CO, assimilation rather than
inhibit it. Goldsworthy (30) showed that
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isonicotinic acid hydrazide inhibits pho-
torespiration in tobacco leaves. This
occurs because the inhibitor blocks gly-
colic acid synthesis (I8), but the effect
of this inhibitor on net photosynthesis
has not been examined.

Recently I found that glycidic acid,
2,3-epoxypropionic acid, an epoxide
similar in structure to glycolic acid,
blocks glycolic acid synthesis and not
glycolic acid oxidation in tobacco leaf
tissue (/4). Under conditions where
glycolic acid synthesis and photorespira-
tion were slowed by about 50 percent
by the inhibitor, net photosynthetic CO,
fixation was increased similarly, by
about 50 percent. The inhibitor also
blocked glycolic acid synthesis in maize
leaf, but had no effect on CO, uptake
in this tissue, presumably because maize
already synthesizes so little glycolic
acid. There was no effect of glycidic
acid on the isolated ribulose diphos-
phate carboxylase (oxygenase) reaction,
but the biochemical mechanism for in-
hibition by glycidic acid has not yet
been established. The use of this inhibi-
tor has therefore confirmed in an inde-
pendent manner that slowing glycolic
acid synthesis can result in large in-
creases in net photosynthesis in an inef-
ficient photosynthetic species.

Zelitch and Day (31) observed that
a yellow-leaved variety of tobacco (JWB
mutant) had slower rates of net pho-
tosynthesis in normal air and a faster
photorespiration than its green-leaved
siblings (JWB wild). Since JWB mu-
tant plants were altered by a simple
genetic change (albeit with pleiotropic
effects in this case), this example dem-
onstrated that genetic control was ca-
pable of regulating photorespiration
within a species. As predicted by our
hypothesis, the variety with a slower
rate of photorespiration grew more
rapidly in a greenhouse environment.

Wilson (32) has observed variations
in photorespiration within populations
of the grass species Lolium. We have
described the results of pedigree selec-
tions on siblings of several generations
of normal-appearing tobacco plants
(Havana Seed) with slower than usual
photorespiration and faster net photo-
synthesis than is commonly observed
for this species (33). Superior plants,
on selfing, produced about 25 percent
of their progeny with slow photorespira-
tion and fast net CO, uptake, but the
percentage was not increased in several
successive generations. It was clearly
established, however, that some plants
growing side by side showed about 50

percent of the normal rate of photo-
respiration, similar rates of dark res-
piration, and an increased net pho-
tosynthesis of about 40 percent. Thus,
differences in photorespiration un-
doubtedly can occur within a species,
and innovative genetic methods may be
required to fix this characteristic in an
entire population.

Natural Regulation of Glycolic
Acid Synthesis in C4 Species

Many investigations support the view
that, in the leaves of C, species, the
first carboxylation reaction occurs in
the mesophyll cells and that malate or
aspartate is then transported to the spe-
cialized bundle sheath cells that sur-
round the vascular tissue in these spe-
cies (8, 34). The 4-carbon compound is
decarboxylated, and the released CO,
is fixed once more by reactions associ-
ated with the Calvin cycle in the bundle
sheath cells. There are still a number
of uncertainties and controversies about
the C, pathway (I3), but one of its
main features involves an increase in
CO, concentration in the bundle sheath
cells.

Hatch (35) calculated the sizes of the
pools of CO, and 4-carbon compounds
in these two types of cells in maize leaf
from short-term labeling experiments
using 14CO, followed by 12CO, on the
assumption that the CO, pool was re-
stricted to the mesophyll or the bundle
sheath compartment. In this way he es-
timated that the CO, concentration in
bundle sheath cells was five times great-
er than in the other photosynthetic cells.
High concentrations of CO, are known
to inhibit glycolic acid synthesis (3),
and the site of glycolic acid formation
in C, species is believed to occur only
in the bundle sheath cells (34). Thus
species such as maize probably syn-
thesize glycolate slowly because the
anatomical and biochemical compart-
mentation of their specialized photosyn-
thetic cells cooperate to create an in-
hibitory environment.

The C, species seem to have evolved
an unnecessarily complicated and indi-
rect biochemical mechanism for inhibit-
ing glycolic acid biosynthesis and slow-
ing photorespiration. Bjorkman (36)
was unable to convert a C; species into
a C, species by producing interspecific
hybrids in Atriplex using parental plants
of one type and the other, and the
hybrids of this weed had a decreased
net photosynthesis. Neither the superior
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C, anatomy nor a rapid phosphoenol-
pyruvate carboxylase activity was suf-
ficient to assure the rapid CO, uptake
characteristic of C, plants. Perhaps this
is not surprising since a conversion of
a C; plant into a C; would involve
large changes in leaf morphology, chlo-
roplast type, and enzyme activities.

It would seem easier to select for a
slower photorespiration in the less effi-
cient photosynthetic species by slowing
glycolic acid synthesis more directly,
and in this way one should expect to
obtain large increases in net photosyn-
thesis without invoking the C, system.
Indeed, examples of decreased rates of
photorespiration within a species have
been found, as discussed before, and
these superior photosynthetic plants do
not utilize the C, pathway.

The Oxidation of Glycolic Acid and

Its Relation to Photorespiration

In order to be further metabolized,
glycolic acid must first be oxidized to
glyoxylic acid (the apparent reverse of
Fig. 2, reaction c), since no other bio-
chemical reaction is known whereby
glycolic acid itself reacts. In higher
plants, glycolate oxidase is a flavopro-
tein that couples with O,, and the reac-
tion rate is very dependent on the O,
concentration. This enzyme is located
mainly in the peroxisomes of green
leaves (37).

a-Hydroxysulfonates are aldehyde-
bisulfite addition compounds and effec-
tive competitive inhibitors of glycolate
oxidase (38). When a suitable sulfonate
is supplied to illuminated leaf tissues,
glycolic acid accumulates at initial rates
sufficient to account for photorespira-
tion in tobacco and sunflower (/8). In-
hibition of glycolate oxidation in tobac-
co leaf under suitable conditions in the
laboratory also blocks photorespiration
and brings about large increases in pho-
tosynthetic CO, uptake, but the sulfo-
nate does not increase photosynthesis
in maize leaf (15).

A Dbiochemical sequence known as
the glycolate pathway of carbohydrate
synthesis exists in leaves (3, 39), and
this pathway provides the photorespired
CO,. As usually depicted, four mole-
cules of glycolic acid (glyoxylic acid)
yield one of glucose and two of CO,;
the CO, is believed to arise during the
step involving the condensation of two
glycine molecules to yield serine. The
stoichiometry indicated above permits
the loss of only 25 percent of the gly-

9 MAY 1975

Salicylhydroxamic Acid

Substrate —= NADH — Flavoprotein — Cyt b

N

ATP

Amin'mycin

/—\ '
ATP

Alternate 'Oxidase ——\
1
'

o,

Cyanifie
1
/

Cytc — Cytasa, !

ATP

Fig. 3. The normal (antimycin- and cyanide-sensitive) and alternate (salicylhydroxamic
acid-sensitive) pathways of electron flow and ATP formation in plant mitochondria (43).
Abbreviations: NADH, reduced nicotinamide adenine dinucleotide; Cyt, cytochrome.

colic acid metabolized as CO, and, as
already shown in Table 2, photorespira-
tory CO, often accounts for at least 50
percent of net CO, fixation during pho-
tosynthesis. Thus CO, cannot be pro-
duced during photorespiration from
only the decarboxylation of glycine
(3, 13). The oxidative decarboxylation
of glyoxylic acid by hydrogen peroxide
yields formic acid and CO,, and this
reaction can be rapid in illuminated
chloroplasts (40), can also occur in per-
oxisomes (41), and could account for
most of the photorespiratory CO,. The
further oxidation of formic acid can
also contribute to the CO, produced
during photorespiration (15).

Leaves of all species appear to have
activities of glycolate oxidase in excess
of that needed for photorespiration (3),
and an excess of the other enzymes as-
sociated with the glycolate pathway as
well (37). Since glycolic acid must first
be oxidized to be further metabolized,
controlling the glycolate oxidase activi-
ty by genetic means would not seem
to be a reasonable means of controlling
photorespiration ~ because  glycolate
would continue to accumulate. If the
utilization of an intermediate in the
pathway, such as glyoxylate or glycine,
were enhanced, less substrate might
become available for decarboxylation
during photorespiration. Alternatively,
it is conceivable that the concentration
of some metabolite in the glycolate
pathway, even glycolic acid itself, might
exercise a feedback inhibition on gly-
colic acid synthesis, and this property
could be utilized to control photo-
respiration.

Dark Respiration and Plant
Productivity

The respiration of higher plants that
is easily measured in darkness takes
place primarily, but not exclusively, in
the mitochondria. Its biochemistry is

similar in plants, animals, and micro-
organisms. The process provides ATP,
largely from the reactions of oxidative
phosphorylation, while substrates are
oxidized to CO,. In microorganisms,
ATP production often limits growth,
and it may be assumed that this is also
often true in higher plants. Respiration
also provides carbon compounds that
are utilized in many biosynthetic path-
ways that occur in plant cells.

The rate of respiration in photo-
synthetic tissues in darkness is usually
5 to 10 percent of the CO, assimilation
in bright light. The lower leaves in a
crop are shaded to various degrees and
may carry out little photosynthesis, and
respiration also occurs in stems, roots,
and fruits that usually fix little or no
CO,. There is excellent evidence (3)
that the reactions of “dark” respiration
occur just as rapidly in the light as
they do in photosynthetic tissues in
darkness, and values in the literature
show that 29 to 71 percent of the
gross CO, fixed during photosynthesis
may be lost by the process of dark
respiration (3).

If part of the dark respiration were
wasteful, eliminating it would also bring
about large increases in plant produc-
tivity. Therefore, it is important to es-
tablish how much of the dark respira-
tion is coupled to useful synthetic and
growth processes, and what portion
might be eliminated. Eliminating waste-
ful dark respiration might also increase
the productivity in the efficient photo-
synthetic species such as maize.

One well-documented example of a
wasteful dark respiration in maize has
been described by Heichel (42), who
compared the net CO, exchange and
dry weight increase of two inbred vari-
eties grown in the same environment.
One variety showed about 50 percent
faster gain in dry weight although the
rates of net CO, assimilation were
similar. The faster growing variety lost
26 percent of its gross CO, uptake
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Table 3. Photosynthetic activity of plant cultures. L/D values are ratios of the rate of *CO, uptake in the light to the rate of uptake

in the dark.
Growth  Chlorophyll
" illumi- content Demonstration Refer-
Species Carbon source for growth nation (ug/2 of photosynthesis ence
(lux) fresh weight)

Carrot 1 percent CO, in air 10,000 50 40 ymole CO, per milligram of chloro- (47)
phyll per hour

Ruta graveolens 1 percent CO, in 99 percent N, 2,000 L/D =6.0 71)

Atropa belladonna Sucrose 6,000 57 L/D = 13.0 (49)

Froelichia gracilis Sucrose 7,000 113 umole CO, per gram fresh weight per (72)
hour

Tobacco 2 percent CO, in air 900-1,700 61 500 ymole O, per milligram of chloro- (48)
phyll per hour

Tobacco Sucrose 5,400 27 L/D=10 (50)

Tobacco Sucrose 1,500 13 Delayed chlorophyll fluorescence (67))]

Tobacco 0.03 percent CQ, in air 4,000 L/D=9.0 (73

Sucrose 4,000 L/D=20

Tobacco 0.03 percent CQ, in air 4,000 25 120 ymole CO, per milligram of chloro- (73)

phyll per hour
Sucrose 4,000 15 85 ymole CO, per milligram of chloro-

phyll per hour

during respiration in the dark as com-
pared with 33 percent in the poorer
variety. In this example, an appreciable
portion of the dark respiration was
clearly wasted in the slower growing
inbred.

Several possible biochemical explana-
tions could account for a potentially
wasteful dark respiration. Some of the
respiration may occur by oxidases out-
side the mitochondria which may not
produce ATP, or the oxidations within
the mitochondria might not be tightly
coupled to ATP synthesis. Finally, it
seems likely that some portion of mito-
chondrial respiration occurs by the
recently discovered alternate pathway
of electron transport in mitochondria,
which produces only one third as
much ATP for each pair of hydrogen
atoms oxidized as does the conven-
tional pathway (see Fig. 3). This alter-
nate pathway is under genetic control
in fungi (43) (it is the main pathway
in “poky” or slow growing Neurospora
mutants) and it occurs in higher plants
(44). :

The alternate pathway of respiration
is insensitive to antimycin and cyanide,
and is specifically inhibited by salicyl-
hydroxamic acid, which does not affect
the conventional electron transport sys-
tem. In isolated mitochondria from a
number of plant species and tissues,
under conditions of rapid respiration
and phosphorylation, the alternate path-
way contributed from 1.0 to 100 per-
cent of the respiration, with a value of
15 to 20 percent being most often
observed (44). Mitochondria from leaves
were not examined in this investigation,
but it is well known that 50 percent or
more of the dark respiration in leaves
is cyanide-insensitive (45) and presum-
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ably occurs by the alternate pathway.
Thus, eliminating the alternate path-
way, by producing mutants in plant
tissue cultures, might be expected to
result in greater plant productivity.

The Use of Tissue Cultures to
Obtain Desirable Mutants

Recent advances in somatic cell ge-
netics in higher plants (4) (see the
article by Carlson and Polacco (4a)
suggest the usefulness of screening
large populations of haploid plant cells
so that only the desired phenotype (low
rates of photorespiration or more effi-
cient dark respiration, for example) will
survive. Intact normal plants in which
both gene copies will be identical can
already be obtained by this technique
in many species. The main problem at
present is learning how to screen for the
desired mutants possessing increased
net photosynthesis or productivity, and
this approach is now being actively
pursued here at our station and un-
doubtedly elsewhere.

One obvious approach would be to
devise selection methods for superior
CO, uptake in illuminated plant tissue
cultures grown on CO, as the carbon
source, with the hope that such a
phenotype would be expressed in the
intact plant. Most experienced investi-
gators seem to agree with the statement
expressed by Gautheret (46) that tissue
cultures will not grow on CO, alone as
a carbon source. There are more recent
indications, however, that some cul-
tures can grow on CO, and that even
cultures grown on sucrose in the light
also assimilate some CO, photosynthet-
ically (Table 3). Whether cultures can

be maintained indefinitely under auto-
trophic conditions is still not clear. With
carrot tissue (47) the cells did not sur-
vive more than 2 weeks on CO,, but
Chandler et al. (48) apparently grew
tobacco cultures for a considerable time
on CO, without them differentiating.
Light is essential for chloroplast forma-
tion and chlorophyll synthesis in tissue
cultures (47, 49-51), and Koth (52)
recently showed that ribulose diphos-
phate carboxylase activity was present
in tobacco cultures after transfer of the
tissue to light and that the increase in
enzyme activity accompanies the in-
crease in chlorophyll.

An alternative approach would be to
select for decreased photorespiration in
haploid tissue cultures grown on sucrose
by obtaining mutants with decreased
rates of glycolic acid synthesis or pos-
sessing a more efficient utilization or
regulation of intermediates of the gly-
colate pathway of carbohydrate syn-
thesis. Attempts to achieve this are
being made in our laboratory, and Carl-
son and Polacco (4a) describe some
experiments with plant tissue cultures
aimed at eliminating the inefficient al-
ternate pathway of dark respiration de-
scribed earlier.

This use of tissue cultures and the
application of our knowledge of the
biochemistry of carbon compounds
related to photosynthesis would seem
to offer the greatest promise of enabling
us to find methods for increasing pro-
ductivity in a number of crops. The
potential importance of regulating waste-
ful respiratory processes, as discussed
here, represents only one of a number
of biochemical strategies that might be
applied to the problems of world food
production in the future.
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Nitrogen Fixation Research:
A Key to World Food?

Investigators in a variety of disciplines are searching
for new technologies for producing fixed nitrogen.

R. W. F. Hardy and U. D. Havelka

Population growth and changes in
dietary habits accompanying economic
growth will more than double the de-
mand for agronomic crops during this
quarter century. Among the many fac-
tors that could contribute to improv-
ing crop yields, increasing the availabil-
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tons of fertilizer nitrogen with an ap-
proximate value of $8 billion were used,
as opposed to the 3.5 X 10¢ tons that
were used annually 25 years ago.

The recent scarcity of nitrogen fer-
tilizers, the high energy requirement
for their manufacture, and, most sig-
nificantly, their increased selling price
have produced a tremendous interest in
the search for alternative technologies.
This interest has permeated even the
popular literature, as documented by
the following quotation from Harper’s
Magazine, by Horace Freeland Judson

(1):

. . . a biologist working in Brazil, said
she has found several kinds of tropical
grasses that grow in symbiosis with N
fixing bacteria of a new kind in their
roots. Could such bacteria be persuaded
to live with one of the new high yield
tropical climate grains by modifying the
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Dr. Havelka is research agronomist in the Central
Research and Development Department, E. 1.
du Pont de Nemours and Company, Wilmington,
Delaware 19898.
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